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TERA2.cl.SP12, ATRA induces ectoderm differentiation and the formation of neuronal cell types.
We have previously generated 
Introduction
The use of stem cells in biomedical applications is currently an area of intense interest given the potential that stem cells offer in terms of a renewable source of material for the production of differentiated human tissues. There are however a number of 5 challenges in stem cell biology and regenerative medicine which include: (i) maintenance of the stem cell phenotype; (ii) control of cell differentiation in a robust and reproducible manner; and (iii) ensuring the purity of cell populations.
1,2 M onitoring the phenotype of stem cells and their differentiated progeny is 10 therefore important. There are a number of approaches that utilise biological assays making use of biomarkers or labels to follow these processes. 3, 4 There are issues, however, with these approaches due to a limited number of known biomarkers, or the lack of biomarkers specificity. [5] [6] [7] Approaches based on such 15 biomarkers that use fluorescent or magnetic labels are therefore also shown to have drawbacks.
8-10
Embryonal carcinoma (EC) cells are pluripotent stem cells derived from teracarcinomas and are considered to be the malignant counterparts of human embryonic stem (ES) cells. The 20 EC stem cell line TERA2.cl.SP12 is one such line that has been derived, 11 and used as a model for cellular development in humans. 12 Cultures of TERA2.cl.SP12 have proven to be a robust model responsive to growth factors and compounds that interact with known biological pathways involved in the control of cell 25 differentiation.
Naturally occurring retinoids play essential roles in a range of biological processes including embryonic development and are particularly important in the development of the central nervous system (CNS). 13 For example, all trans-retinoic acid (ATRA) is We have previously reported that EC23 induces neural differentiation in a manner similar to ATRA, whereas EC19
produces very few neurons and a large number of epithelial-like 50 cells. 14 At present, it is not entirely clear how relatively small structural changes in these types of small molecules effect the different development processes, and this is therefore an important and developing area of study. Recent proteomic profiling (M ALDI-TOF M S matrix assisted laser desorption 55 ionisation time of flight mass spectrometry) and identification of biomarkers of the stem cell response to retinoic acid and the synthetic retinoid analogues has been described and supports the previous findings into functional relationships. 15 Of particular note is the fact that the results indicate that there is a subtle but 60 significant difference in the response of TERA2.cl.SP12 cells to ATRA and synthetic compounds such as EC23, despite both molecules inducing the formation of neural cells. 14 There is a need to be able to study more directly the structural and chemical effects that these types of compounds can elicit and to be able to 65 monitor these effects over time to give greater differentiation between these developmental effects as a function of their structure. Furthermore, careful characterisation of pluripotent stem cells is required given their inherent ability for differentiate into multiple tissue types and form complex teratoma 70 tumours. 16, 17 This has led to the suggestion that a non-invasive method that has no or minimal impact on the cell biology is required for monitoring the status of the stem cell phenotype or progression of their differentiation. A brief review of this area and its potential 75 has recently been published, 18 and a number of other studies have tackled the approach of studying stem cell differentiation in a label-free manner. [19] [20] [21] [22] One such method that is currently being developed is infrared micro-spectroscopy. Infrared spectroscopy of single cells was first demonstrated by Jamin et al. 23 in the late 80 1990s using synchrotron radiation generated infrared as the light source. This generated considerable interest in the field but real progress was hampered by severe scattering effects that distorted the spectra of the intact cells. In a series of papers, this distortion was studied and identified as Resonant M ie scattering. 24-26 85 Importantly, it was shown that failure to remove the scattering distortion from the spectra could lead to apparent shifts in positions of absorption bands resulting in wrongly interpreting the differences as changes in cellular biochemistry. M ore recently, we developed a correction algorithm to tackle this problem that enables the scattering component of the spectrum to 5 be calculated and removed from the measured spectrum, leaving the pure absorption spectrum of the intact cell. 27 Analysis of the cell surface markers indicative of the status of 5 stem cell phenotype or commitment toward differentiation were assessed by flow cytometry (Fig. 2) 
S ynchrotron FT-IR microspectroscopy:
The synchrotron infrared microscopy was carried out using the infrared beamline (M IRIAM ) at the Diamond Light source, Didcot Oxford UK. 37 The data were recorded on a Bruker Vertex 80V vacuum 40 spectrometer coupled to a Hyperion 3000 infrared microscope.
The infrared beam from the synchrotron was optimised by adjusting the 36x magnification optical condenser on the microscope enhancing the lower wavenumber range (1200 -1000 
Results and Discussion

20
Identification and justification of control
It was necessary to initially dissolve the compounds ATRA, This increase in polysaccharide could also indicate increased proteoglycan synthesis a known cell protection process invoked during differentiation. In addition, extracellular proteoglycan 40 ligands play a major role in extracellular signalling for differentiation. 46 The increase in absorption at ~1468 The PC-LDA fingerprint region allowed separation of the EC23 treated and untreated TERA2.cl.SP12 cells at day 5, therefore the investigation was repeated at day 3 to determine whether the technique is sensitive enough to identify any biochemical differences due to the introduction of the retinoids at this earlier 15 time period (Fig. 6 (a) ).
It was found, as at days 7 and 5, separation of the EC23 treated Fig. 7 (a) From the mean spectral differences in Fig. 7 (a) 1454: CH3 scissoring of mainly lipids and asymmetric methyl deformation. 45, 68 1458: CH3 of collagen. Previously it has been suggested that embryonic stem cells have a higher nucleus to cytoplasm ratio than that of differentiating cells. 18 This is because it is believed that as the cells differentiate 35 the nucleus shrinks causing a reduction in nucleic acid absorption and an increase in protein and lipid absorption from the larger cytoplasm. 18 To see if the TERA2.cl.SP12 cells follow a similar pattern, the nucleus to cytoplasm ratio was calculated using the ratio of the 1080 (nucleus) to 1468 (cytoplasm) bands Fig. 8 . 40 Results in Fig. 8 33 In Fig. 9 , it can be seen that the EC23 treated cells are in agreement with the results seen by 50 Heraud for the carbohydrate absorption band at ~1155 cm -1 , however, there was an increase in absorption at ~2920 cm - To test these possibilities, ATRA and EC23 treated TERA2.cl.SP12 cells were compared at all time periods, Fig. 11 (a). The score plot results in Fig. 11 (a) appear to show that the 35 ATRA and the EC23 treated cells at days 3 and 5 are spectrally similar as they have both merged into a single cluster, whereas at day 7, there are significant spectral differences between the ATRA and EC23 treated cells. However, it has been shown in Here the main spectra differences can be attributable to a further, the data from the ATRA and EC23 cells were classed as the same sample group and compared with the data from the EC19 treated cells using PC-LDA. PC-LDA analysis was performed for all time periods (Fig. 14 (a) ).
Epithelial and neural differentiation can be classified after 7 40 days using spectral IR fingerprint ( Fig. 14(a) ). There was also reasonable classification at 5 and 3 days consequently suggesting that neural and epithelial differentiation may have started to begin as early as 3 days. where three individual group classes are stipulated ( Fig. 15 (a) ).
The score plot results in Fig. 15 (a) , tends to support this independently verified observation. 40 The data results in Fig. 15 (a) , may also suggest that the EC23 synthetic retinoid is capable of inducing the differentiation of a proportion of TERA2.cl.SP12 cells down an epithelial route. This is also in agreement with the score plot results from EC19 vs.
EC23 at day 7, see supplementary notes. In LDA 1 Fig. 15(b 
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Comparison of Control and EC23 treated cells after 7 days using S ynchrotron FT-IRMS
Synchrotrons provide a highly collimated beam of light, which can be in the order of a 100-1000 times brighter than traditional 40 sources. 23, 31, 32 The IR region of the emitted synchrotron radiation can be directed into a benchtop FT-IRM S and used as a source instead of conventional blackbody sources. 58 This high brightness of synchrotron sources enables much smaller regions to be probed with an acceptable Signal to Noise ratio (S/N) thus, 45 greater spatial resolution approaching the diffraction limit can be achieved. 32, [59] [60] [61] [62] To see if there is consistency between data collected using synchrotron FT-IRM S and the data collected using the benchtop FT-IR imaging instrument with an FPA detector, data was recollected from the same EC23 samples and 50 DM SO control samples at the Diamond Light Source and subjected to the same analysis as for the array detection.
Separation from control and the EC23 treated TERA2.cl.SP12
cells were seen at days 3, 5 and 7 (Fig. 16) .
Separation of the data collected synchrotron facility is 55 observable at all three time periods. To determine whether the separation observed using a synchrotron source mirrors that of the FT-IR imaging, mean spectra and loadings plots were compared and can be seen in Fig. 17 . and G2, show a relatively small variability. 63 Therefore, a low number of single cell spectra recorded could mean that there is a bias included where more cells from one phase of the cell cycle are spectrally represented than another. Nevertheless, moderate 45 reproducible separation was observed when comparing the results produced by the two different types of instrumentation.
Therefore, even though there is an S/N advantage when using synchrotron light as a source, S/N rivalling that seen at a synchrotron facility can be reproduced when using an array 50 detector.
59
S ummary and Conclusions
The The data produced indicate that the two analytical techniques 25 used are comparable even though a much larger number of cell spectra were collected when using FT-IRM S coupled with an array detector. This highlights the potential of spectral imaging first described by Krafft et al. 31 FT-IRM S spectral imaging can readily obtain much more spectra, quicker and to a comparable 30 quality to data recorded at a synchrotron facility. This is advantageous for single cell analysis as a high number of cell spectra are needed to fully explain the cell cycle. 29 It should be pointed out though that for sub cellular imaging, the synchrotron still enjoys a significant advantage. 35 To conclude, in this study infrared microspectroscopy has been used to characterise and monitor stem cell differentiation over time. Infrared spectral imaging can be employed as an efficient rapid approach that is reproducible, does not require time consuming sample preparation methods, and is cost effective. 40 When coupling infrared microspectroscopy with chemometric methods, the status of the stem cell phenotype and differentiation can be assessed without the need for potentially harmful biomarkers being introduced. Spectral loadings also provide an insight into the macromolecule changes within the cells during 45 the differentiation process. Infrared spectra can also be used to provide information on the complexes biological processes involved in the cell cycle and differentiation. 
